A B S T R A C T Chronic renal failure in rats leads to changes in hepatic protein synthesis and albumin metabolism at both the cellular and molecular level. In rats with chronic uremia (blood urea nitrogen > 45 mg/100 ml 1 mo after surgical reduction in renal mass), cell-free protein synthesis is reduced 30-40% in liver membrane-bound polyribosomes. Albumin synthesis by membrane-bound polysomes in uremia is reduced even more than the reduction in total protein synthesis. Activity of free polysomes remains normal. There is also intracellular accumulation of albumin in liver of uremic rats and a concomitant decrease in serum albumin. In normal liver, most intracellular albumin is located in the microsomal fraction, whereas in liver from uremic animals the excess albumin is found in the free cytosol fraction. These results can be explained either by a defect in synthesis of albumin by membrane-bound polysomes with release of newly synthesized albumin into the cytosol or by a reduced ability of polysomes synthesizing albumin to associate with the membrane fraction in rats with chronic renal failure.
A B S T R A C T Chronic renal failure in rats leads to changes in hepatic protein synthesis and albumin metabolism at both the cellular and molecular level. In rats with chronic uremia (blood urea nitrogen > 45 mg/100 ml 1 mo after surgical reduction in renal mass), cell-free protein synthesis is reduced 30-40% in liver membrane-bound polyribosomes. Albumin synthesis by membrane-bound polysomes in uremia is reduced even more than the reduction in total protein synthesis. Activity of free polysomes remains normal. There is also intracellular accumulation of albumin in liver of uremic rats and a concomitant decrease in serum albumin. In normal liver, most intracellular albumin is located in the microsomal fraction, whereas in liver from uremic animals the excess albumin is found in the free cytosol fraction. These results can be explained either by a defect in synthesis of albumin by membrane-bound polysomes with release of newly synthesized albumin into the cytosol or by a reduced ability of polysomes synthesizing albumin to associate with the membrane fraction in rats with chronic renal failure. INTRODUCTION Under normal circumstances, the kidney exerts little influence on synthesis (1) or degradation of albumin (2) . In various forms of renal disease, the metabolism of albumin and other serum proteins is changed considerably (3) (4) (5) . In nephrotic syndrome, there is increased albumin degradation (6, 7) , as well as loss of albumin through the glomerulus. Although decreased serum albumin levels are found consistently in such patients, both increased (8, 9) and normal albumin synthetic rates (10) (11) (12) have been reported. In contrast, in vitro studies of nephrotic syndrome in rats have reported an increase in albumin synthesis (13) (14) (15) (16) . Amino acid incorporation and cellular protein/DNA ratios have also been reported to be increased in liver of uremic or nephrectomized rats (17, 18) . However, in patients with chronic uremia, increased albumin catabolism with concomitant reduction in serum albumin does not lead to a compensatory increase in albumin synthesis (19) . Other studies have indicated that albumin synthesis is decreased in patients with chronic renal failure and that hemodialysis improves both serum albumin levels and albumin synthetic rates (5) . Improvement of albumin metabolism in these patients was thought to result indirectly from improved nutrition, rather than a change in hepatic protein synthesis activity upon correction of uremia. Therefore, in man and experimental animals, alterations in albumin synthesis rates have been observed in renal failure, but it is unclear whether the uremic syndrome directly influences the ability of the liver to synthesize this important serum protein.
Recently, Black et al. ' reported structural and functional changes in the hepatic endoplasmic reticulum (ER)2 of rats with chronic renal failure produced by surgical reduction in renal mass. These changes included decreased activity of certain microsomal drug metabolizing enzymes, vesiculation and disorganization of the ER, and degranulation of membrane-bound polyribosomes. The present studies were designed to determine the effects of chronic renal failure on albumin synthesis and metabolism at both the cellular and molecular level. We have found that synthesis of albumin and total liver protein is depressed specifically in liver membrane-bound polysomes of uremic animals. In addition, there is a concomitant increase in hepatic intracellular albumin, located specifically within the free cytosol fraction. These results can be explained by a model recently proposed for synthesis of all secretory proteins in eukaryotic cells (20) and suggest further that in the uremic state, there is decreased formation of active complexes between albumin-synthesizing polysomes and ER membranes.
METHODS
Preparation of animals. Male Sprague-Dawley rats weighing 190-230 g were rendered azotemic by right nephrectomy and segmental infarction of the left kidney (21) . After surgery, rats were given standard Purina chow diet (Ralston Purina Co., St. Louis, Mo.) and water ad lib. NaCl (0.9%) was added to the drinking water from the 4th postoperative day to avoid sodium deficiency. For some studies, control rats and rats with chronic renal failure were pair-fed with a nutritionally balanced liquid diet prepared by the formula of Lieber et al. (22) . This diet was obtained commercially from Bio-Serv., Inc., Frenchtown, N. J. 3 wk after surgery, 1 ml of blood was obtained by cardiac puncture for determination of blood urea nitrogen (BUN). Only those rats with BUN levels >45 mg/100 ml were considered uremic and were used in experimental studies. 1 wk later, control and uremic animals were decapitated and blood was collected for determination of final BUN and serum albumin levels.
Separation of membrane-bound and free liver polysomes. The liver was removed rapidly, weighed, and perfused with 60 ml of cold rinse solution (10 mM Tris-HCl, pH 7.4-150 mM NaCl-150 ,ug/ml heparin), followed by 60 Membrane-bound and free polysomes were isolated from the 17,300g supernatant fraction by discontinuous sucrose gradient centrifugation as previously described (23 (23) .
Polymerization assays. For determination of protein synthesis activity in the cell-free system, incubations were performed at 30°C in a 50-j,l vol for 10 min (membrane-bound polysomes) or for 20 min (free polysomes). These incubation times were optimal for amino acid incorporation during the period in which protein synthesis is still increasing. determined by optical density readings at 280 nm) were pooled and rechromatographed on a second DEAE cellulose column. The peak tubes were pooled and concentrated to a volume of 0.3 ml by ultrafiltration, using an Amicon UM-10 membrane filter (Amicon Corp., Lexington, Mass.). This material was placed over a precalibrated 1.0 x 60-cm column of Sephadex G-100 equilibrated with 10 mM NaPO4 (pH 7.4), 150 mM NaCl, and 1 mM dithiothreitol. Elution was performed with the same buffer at a flow rate of 1.0-2.0 ml/h, collecting 0.5 ml fractions. The elution pattern was determined by monitoring absorbance at 280 nm. Material in the peak tube from the Sephadex G-100 column was used for preparation of [14C]albumin. Purified albumin was labeled chemically with 14C formate by reductive methylation as described by Crane and Miller (25) .
Isolation of antibody fractions. y globulin from nonimmune rabbit serum was purified by the method of Palacios et al. (26) and was used for preparation of goat antirabbit y-globulin. New Zealand white rabbits were bled and the serum diluted with an equal volume of 10 mM NaPO4 (pH 7.5), 15 mM NaCl. Neutralized ammonium sulfate was added to a final saturation of 40%. A precipitate was allowed to form at room temperature for 10 min and was centrifuged at 12,000 g for 20 min. The pellet was dissolved in 100 ml of the above buffer and a second 0-40% ammonium sulfate precipitation performed. The pellet was dissolved in ½2 the original serum volume with 10 mM NaPO4 (pH 7.2), 15 mM NaCl and dialyzed against the same buffer. The dialyzed material was clarified by centrifugation at 7,700 g for 15 min and applied to a column 2 cm in diameter containing a 5-cm height of Whatman DEAE-52 cellulose overlaid with 5-cm Whatman microgranular carboxymethyl cellulose (CM-52) in 10 mM NaPO4 (pH 7.2), 15 mM NaCl (26) . The column was run at a flow rate of 12 ml/h, collecting 5-ml fractions. Elution was monitored by UV absorbance at 280 nm and showed a single peak of fy-globulin protein. This material was dialyzed against 1 mM EDTA (pH 7.4) and used as antigen for immunization of goats.
Goat antiserum to purified rabbit 'y-globulin was produced by a series of three semiweekly subcutaneous injections of purified antigen in complete Freund's adjuvant for the first injection and in incomplete Freund's adjuvant for subsequent injections. This material was purified through the ammonium sulfate step indicated above and was used for indirect immunoprecipitation. Rabbit anti-rat albumin antibody was obtained commercially from ICN Pharmaceuticals, Inc. (Cleveland, Ohio), and was judged monospecific by immunodiffusion, immunoelectrophoresis, and Kabat precipitation analysis (27) . Rabbit antiserum to ricin, a plant protein, was obtained from Dr. Margolis and Dr. Scharff of the Albert Einstein College of Medicine and was utilized for nonspecific or "clearing" immunoprecipitation of 3H-labeled cell-free reaction products.
Immunological analysis of cell-free reaction products. cpm/,g) added. 5% Na deoxycholate was added to a final concentration of 0.5%, and the reaction mixture dialyzed against 13 mM NaHCO3, 150 mM NaCl, and 5 mM f3-mercaptoethanol, followed by a second dialysis against 10 mM NaPO4 (pH 7.4), 150 mM NaCl, and 5 mM fB-mercaptoethanol. The dialyzed material was clarified by centrifugation in a Brinkman microcentrifuge (8,000 g for 20 min; Brinkman Instruments, Inc., Westbury, N. Y). To the aqueous fraction, 4 M urea was added to a final concentration of 1 M and 10% Triton X-100 to a final concentration of 1%, followed by rabbit antiricin serum. The reaction was incubated at 30°C for 1 h, followed by addition of goat antirabbit y-globulin and incubation for an additional 30 min. The reaction mixture was transferred to ice and immunoprecipitation continued for 4 h. Immunoprecipitates were collected by centrifugation in the Brinkman microcentrifuge, resuspended in 1% Triton X-100, 10 mM NaPO4 (pH 7.4), 150 mM NaCl, 1 mM [12C]leucine, and recentrifuged. The precipitate was dissolved in 0.2 ml of 5 N NaOH, diluted to 2 ml with 10% TCA, and heated at 90°C for 20 min. The material was cooled on ice for 10 min to reprecipitate protein, and the precipitate was collected on a nitrocellulose filter. The filter was washed four times with a total of 20 ml of 5% TCA and counted by liquid scintillation spectroscopy in 10 ml of Bray's solution (New England Nuclear, Boston, Mass.). Antiricin-y-globulin precipitation was considered "nonspecific" and was repeated until immunoprecipitated 3H-radioactivity was reduced below 300 epm (generally 2 Determination of intracellular albumin levels. Equal volumes of homogenate from perfused livers of control and uremic rats were centrifuged in a Sorvall RC-5 refrigerated centrifuge at 480 g for 2 min. The nuclear pellet was washed four times with 5 ml of homogenizing buffer, and the wash fractions combined with the initial postnuclear supemate. A microsomal fraction and 105,000g supernatant protein were prepared, and total albumin determined in these fractions as described below. 5% Na deoxycholate was added to the supemate and resuspended microsomes to a final concentration of 0.5%. [14C]Albumin (25,000 cpm) was added to all fractions as a carrier for repurification and for estimating recovery of intracellular albumin. The materials were dialyzed against two changes of 100 mM Tris-HCl (pH 7.8) and purified through DEAE cellulose and Sephadex G-100 as described above. The final material was electrophoresed on a 6.5% sodium dodecyl sulfate (SDS) polyacrylamide gel, stained with Coomassie Blue, and scanned by absorbance at 540 mM on a Gilford recording spectrometer (Gilford Instrument Laboratories Inc., Oberlin, Ohio). Albumin was quantitated by determining the proportion of Coomassie Blue staining material under the albumin peak in comparison to albumin standards. In the various fractions in which albumin was repurified, approximately 80% of the protein migrated to the position of albumin standard. Total protein in these samples was determined by the method of Lowry et al. (28) .
To determine contamination of liver subcellular fractions with serum albumin, 125I-labeled albumin was injected i.v. into control and uremic male Sprague-Dawley rats. After 10 min the rats were decapitated, the serum collected, and the liver processed as above. In liver that had been perfused before homogenization, less than 10% of recovered albumin resulted from serum contamination. In nonperfused liver, cross-contamination accounted for more than 50% of recovered albumin.
RESULTS
For all studies, Sprague-Dawley rats were littermates and were divided into two groups, control and experimental (uremic). The general appearance of experimental animals was comparable to the control group. Except for the first three postoperative days, rats with chronic renal failure (uremic) gained weight in parallel fashion to control animals and generally achieved full weight of controls by the end of 1 mo (Fig. 1) . In pair-fed animals, weight gain was identical in control and uremic groups. Occasional rats with chronic renal failure were sluggish, ate poorly, and did not gain weight at the expected rate. These animals were excluded from the present study. The mean BUN level in uremic rats was 62+SEM 2.7 mg/100 ml compared to 24+SEM 0.9 mg/100 ml in control animals (P < 0.001; Table I ). The mean serum albumin was reduced from a control value of 3.23+SEM 0.09 g/100 ml to 2.82 ± SEM 0.08 g/100 ml in uremic rats (P < 0.001). Studies with 1251-labeled albumin showed (Table II) . In uremic animals, the amount of albumin in the microsomal fraction was unchanged from control, but albumin in the cytosol fraction was increased twofold. The concentration of albumin in the cytosol of uremic animals was actually higher than that found in the microsomal fraction (Table II) . Together with the reduction in serum albumin, these results suggest a significant abnormality in liver albumin metabolism in rats with chronic renal failure. (Fig. 2 A, B) . This effect was more dramatic in membrane-bound polysomes of uremic animals and was associated with an increased percentage of dimers, monomers, and ribosomal subunits as compared to control membrane-bound ribosomes (Fig. 2 B) (Fig. 3 A) , and there was essentially no difference between control and uremic animals. With membrane-bound polysomes, the increase with time was not linear (Fig. 3 B) , but at all time-points there was 30-40% less activity with membrane-bound polysomes from uremic compared to control animals. At various levels of polysomal RNA in the assay, there was no difference in amino acid incorporation with free polysomes from uremic versus control animals (Fig. 4 A) . With membrane-bound polysomes from uremic versus control rats, amino acid incorporation was reduced -30% at all levels of polysomal RNA tested (Fig. 4 B) . For a given preparation of membranebound and free polysomes from control versus uremic animals, these results were highly reproducible. Al (Table III) . There is little difference in amino acid incorporation, regardless of whether control or uremic supernatant factors are utilized, and membrane-bound polysomes from uremic animals always show less protein synthesis activity than control membranebound polysomes. These results suggest that 105,000 g liver supernatant factors from uremic animals do not contain a direct toxic inhibitor of protein synthesis. Addition of 600 mg/100 ml urea to the cell-free system does not inhibit amino acid incorporation with either membrane-bound or free liver polyribosomes.
To measure synthesis of protein with the immunological properties of albumin in the cell-free system, large scale incubations were performed. Approximately 16 A260 units of membrane-bound polysomes (-200 ,ug RNA) or 3.8 A260 units of free polysomes (-100 ,g RNA) were utilized with proportionate increases in other reaction components.
[3H]Leucine (sp act 10 Ci/mmol) was substituted for [14C]leucine. As shown in Table IV , the specific activity (cpm incorporated into protein/,ug RNA) of membrane-bound polysomes from uremic animals was reduced compared to controls. In uremic animals the amount of
[3H]albuminlike material synthesized by membranebound polysomes/,g RNA was reduced even more than the reduction in total amino acid incorporation (Table IV) . In control liver, the amount of albuminlike material was almost three times greater per ,ug RNA in membrane-bound polysomes than in free polysomes. However, in liver of animals with uremia, the amount of albuminlike material synthesized by membrane-bound polysomes was reduced to the level produced by free polysomes, which was the same as the activity of control free polysomes. Therefore, inhibition of albumin synthesis was greater than inhibition of overall protein synthesis, and this inhibition occurred specifically in membrane-bound polysomes of uremic animals. RNA,qLg 20 25 uremia operationally as an elevation of BUN to >45 mg/100 ml. Other manifestations comparable to the clinical syndrome of uremia in man are difficult to assess in these animals. Our results suggest that chronic renal failure in rats is associated with decreased synthesis of albumin and other liver proteins. At the same time, there is intracellular accumulation of albumin in the liver, specifically within the free cytosol fraction. Microsomal or intravesicular albumin content appears normal. We have also observed de-
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FIGuRE 4 Cell-free protein synthesis with polysomes from control and uremic rat liver as a function of polysomal RNA input. Incubations were performed as noted in Fig. 3 (32) , and carbon tetrachloride toxicity (33) . Munro and coworkers (29, 30) (32, 33, 36) observed that disaggregation of membrane-bound polysomes accompanies the depression of albumin synthesis. These effects are partially ameliorated by the administration of certain amino acids simultaneously with alcohol (36) . These observations, together with our present findings in the experimental uremia syndrome, suggest that disaggregation of membranebound polysomes may be a common finding in different pathologic conditions resulting in depression of albumin synthesis.
Other factors that could influence albumin metabolism in the experimental rat model of chronic renal failure include the surgical procedure, amino acid deprivation, or excessive proteinuria. Because only those animals with chronic renal failure which appeared normal and showed normal weight gain at the time of sacrifice were utilized (28-30 days postoperatively), a direct influence of the surgical procedure is doubtful. In addition, studies by other investigators report that factors such as stress, endotoxin injection, or trauma cause an increase rather than a decrease in albumin synthesis (37) (38) (39) .
Inasmuch as both ad libitum and pair-fed animals gave a normal response in weight gain and showed similar reduction in activity of membrane-bound polysomes, it is unlikely that nutritional factors alone are responsible for the observed phenomena. In patients with chronic renal failure, a low protein diet does not influence albumin synthesis rate (40) , and excessive proteinuria increases rather than decreases albumin synthesis (15, 16) . Therefore, it would appear that the major factor influencing albumin synthesis in this study is a result of chronic renal failure. Whether this effect results from an alteration in the properties of membranes in uremia or is the result of other factors will require further study. The decreased synthesis of material identified immunologically as albumin by membrane-bound polysomes was proportionately greater than the decrease in overall protein synthesis. The protein synthetic activity of free cytoplasmic polysomes, however, was normal or slightly increased, and the proportion of albuminlike protein synthesized by free polysomes was unaffected in uremic animals. Previously, we reported that albuminlike material can be synthesized by free cytoplasmic polysomes in rabbit liver (23) . However, intact liver membrane-bound polysomes synthesize a higher proportion of complete, fullsized albumin molecules than liver free polysomes (41) . In contrast, the relative proportion of albumin that can be translated from total RNA extracted from membrane-bound versus free liver polysomes is similar (41) . These results are consistent with a model recently proposed by Blobel and Dobberstein (20) for the synthesis of secretory proteins by eukaryotic cells. According to this model, shown schematically in Fig. 5 , all protein synthesis is initiated on free polyribosomes. As protein synthesis proceeds, the Nterminal sequence of the growing nascent chain becomes exposed through the surface of the 60S ribo- 
